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Abstract
Indirect detection constraints on gamma rays (both continuum and lines) have set strong constraints on wino
dark matter. By combining results from Fermi-LAT and HESS, we show that: light nonthermal wino dark matter
is strongly excluded; thermal wino dark matter is allowed only if the Milky Way dark matter distribution has a
significant (∼> 0.4 kpc) core; and for plausible NFW and Einasto distributions the entire range of wino masses from
100 GeV up to 3 TeV can be excluded. The case of light, nonthermal wino dark matter is particularly interesting in
scenarios with decaying moduli that reheat the universe to a low temperature. Typically such models have been
discussed for low reheating temperatures, not far above the BBN bound of a few MeV. We show that constraints
on the allowed wino relic density push such models to higher reheating temperatures and hence heavier moduli.
Even for a flattened halo model consisting of an NFW profile with constant-density core inside 1 kpc and a density
near the sun of 0.3 GeV/cm3, for 150 GeV winos current data constrains the reheat temperature to be above 1.4
GeV. As a result, for models in which the wino mass is a loop factor belowm3/2, the data favor moduli that are more
than an order of magnitude heavier than m3/2. We discuss some of the sobering implications of this result for the
status of supersymmetry. We also comment on other neutralino dark matter scenarios, in particular the case of
mixed bino/higgsino dark matter. We show that in this case, direct and indirect searches are complementary to
each other and could potentially cover most of the parameter space.
1 Introduction
Supersymmetry has long been a favorite theoretical candidate for physics beyond the Standard Model. Its phe-
nomenological consequences include the possibility of natural electroweak symmetry breaking, gauge coupling
unification, and weakly-interacting dark matter candidates stabilized by matter parity. Our goal in this paper is
to explore the implications of indirect searches for neutralino dark matter in the MSSM using gamma rays, both
continuum and lines. We are particularly interested in the case of light wino dark matter, and in the implications of
constraints on its abundance for nonthermal cosmological histories. Such cosmologies are now motivated by LHC
constraints on supersymmetry and insights from top-down models of SUSY breaking. We will also initiate a study
of mixed states as neutralino dark matter candidates, in particular, a mixed bino/higgsino scenario, to illustrate
that ongoing indirect searches of gamma rays could be a powerful complementary probe to direct dark matter
searches.
The discovery of a 125 GeV Higgs boson at the LHC has thrown the naturalness argument for supersymmetry
into sharp relief. The reason is that the MSSM requires large supersymmetry-breaking stop soft masses or A-terms
to lift the Higgs mass above the Z boson mass [1, 2]. These large stop masses and A-terms feed quadratically into
one-loop corrections to the soft mass m 2Hu , directly making the theory more fine-tuned. As a result, models for
supersymmetry at the weak scale have split into two possibilities with very different implications for naturalness
and the fine-tuning of our universe. The first route, “natural supersymmetry,” invokes new contributions to the
Higgs mass (generally arising at tree-level) to achieve mh ≈ 125 GeV while still keeping the stop soft masses and
A-terms small, as required for low fine-tuning [3, 4]. It requires significant model-building in both the Higgs and
1
ar
X
iv
:1
30
7.
44
00
v1
  [
he
p-
ph
]  
16
 Ju
l 2
01
3
flavor sectors, and is under increasing strain from direct searches at the LHC [5]. The second route is to postulate a
spectrum of the “mini-split” type, with scalars somewhat (typically a loop factor) heavier than gauginos. This type
of spectrum is predicted by both the simplest version of anomaly mediation [6, 7] and a wide variety of moduli
mediation scenarios [8–13]. Initially it was treated as an embarrassing prediction to be solved by working harder
at model-building [6, 7]. However, its virtues include simplicity and amelioration of SUSY flavor and CP prob-
lems, so in the last decade it has begun to be considered as a viable possibility despite requiring fine-tuned EWSB,
beginning with a prescient paper by James Wells [14] and continuing with a variety of subsequent work on “split
SUSY” [12, 13, 15–20]. This route gives up on strict naturalness; it allows supersymmetry to explain and stabilize
most of the hierarchy between weak and Planck scales, but has significant residual fine-tuning.
For the second route, the most natural candidate for dark matter is wino dark matter. It could have a thermal
history, if its mass is about 2.8 TeV [21, 22].1 For lighter winos, due to their large tree-level annihilation rate to W
bosons, achieving the measured relic abundance requires a non-thermal history, e.g. the Moroi–Randall scenario
with a late-decaying modulus [24]. It has been argued that moduli with mass of order O (100 TeV) are consistent
with BBN and lead to the right relic abundance for light winos with mass about a few hundred GeV or lower [24–27].
Given that generically, moduli masses are set by the SUSY breaking scale and of order the gravitino mass [28],
this non-thermal history fits nicely into the “split SUSY” scenarios with scalars and gravitino at about 100 TeV.
Pure wino dark matter is challenging to directly detect due to its small cross section for scattering off nucleons,
σp ∼ 10−47 cm2 [29, 30]. On the other hand, it has a large self-annihilation cross section that current indirect dark
matter searches are already sensitive to.
In general, it will be useful to study the implications of indirect as well as direct dark matter searches for some
benchmark models of neutralino dark matter classified by dark matter composition and cosmological histories:
1. Single state neutralino dark matter
(a) Pure wino dark matter: thermal scenario with mass at about 2.8 TeV; non-thermal scenarios, such as
the decaying moduli scenario for light winos with mass around a couple of hundred GeV or alternative
scenarios like decaying gravitinos (we do not consider winos heavier than≈ 3 TeV, which in these well-
motivated nonthermal cosmologies would have too large a relic abundance);
(b) Pure bino dark matter: thermal co-annihilation scenario with light sleptons; non-thermal scenarios
with the late-decaying particles decaying dominantly to standard model particles (this cannot be real-
ized in the moduli scenario or gravitino scenario);
(c) Pure higgsino dark matter: thermal scenario with mass at 1 TeV; non-thermal scenario for light higgsino
similar to the ones discussed for pure wino case. (Strictly speaking, pure higgsinos are Dirac and have
a large direct detection cross section, but we assume a very small mixing with a bino or wino, enough
to split the two neutral Majorana higgsino mass eigenstates and forbid elastic scattering.)
2. Mixed state neutralino dark matter: bino/higgsino, wino/higgsino, or bino/wino/higgsino scenarios (bino
and wino mix through higgsino). The thermal history is the well-tempered scenario [31] (for earlier refer-
ences, see [32–34]) while the non-thermal history could be one of or a mixture of those for the single states
depending on the composition;
3. Multi-component dark matter: the neutralino is only one component of dark matter with either a thermal
or non-thermal history while other candidates such as axions constitute the rest of the dark matter.
In this paper, we will first study constraints of indirect searches for gamma rays on the relic abundance of wino
dark matter, in the case that it is all of the dark matter or just one of the components of dark matter, and the
associated astrophysical uncertainties on the constraints. Although the case of thermal wino dark matter is not
our primary focus, we will assess its status; the implication of the HESS line search for the case of thermal winos
was first noticed by the authors of Ref. [35], to which our work is complementary. The constraints we describe have
profound implications for moduli masses and SUSY breaking scales in the non-thermal moduli decay scenario,
which we will discuss in detail. We will leave the implications for non-thermal gravitino scenarios for future study.
1We use the PLANCK + WP value, ΩDMh2 = 0.1199±0.0027 at 68% CL [23] and extract the relic abundance from Figure 2 of [22]. The result
extracted from Figure 2 of [21] has a thermal relic abundance for a mass closer to 3.1 TeV.
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We will also comment on pure bino and higgsino scenarios and initiate a study of mixed states by showing that for
the bino/higgsino scenario, future indirect searches could be complementary to direct searches.
2 Constraints on wino dark matter from indirect dark matter searches
We first present constraints on neutralino dark matter from indirect detection experiments which search for ei-
ther excesses in the photon continuum spectrum or a line-like feature. The continuum photons arise mostly from
fragmentation of hadronic final states in the tree-level processes χ˜0χ˜0 → W +W − (for winos and higgsinos) and
χ˜0χ˜0 → ZZ (for higgsinos). Lines arise from the one-loop processes χ˜0χ˜0 → γγ and χ˜0χ˜0 → Zγ. We limit our at-
tention to searches involving gamma rays, although searches in antiprotons set limits comparable to those in the
photon continuum [36, 37]. Understanding the antiproton bounds requires more detailed astrophysics, related to
how cosmic rays propagate through the galaxy. Because the gamma ray constraints are comparably strong, and
more easily understood, we will exclusively focus on gamma rays. We will also neglect the possibility of sharp line-
like spectral features arising from internal bremsstrahlung [38,39], which require scalars tuned to be nearly degen-
erate in mass with the neutralino, and hence are absent in models with a split spectrum. Internal bremsstrahlung
associated with χ˜0χ˜0→W +W −γ gives a broader, subdominant feature that we will not take into account. We will
initially discuss the bounds for standard cuspy (NFW and Einasto) dark matter halo profiles, before turning at the
end of the section to a discussion of the possibility that the Milky Way halo has a large constant-density core of
dark matter.
2.1 Photon continuum constraints
In this subsection, we summarize existing constraints from searches of the photon continuum in either the Milky
Way’s satellite dwarf galaxies [40, 41] or the galactic center [42]. The results are presented in Fig. 1, in which we
plotted the bounds on the cross section of continuum production from [41, 42]. The bound from satellite dwarf
galaxies is based on Fermi 4 year data in the reprocessed Pass 7 Clean event class and is already marginalized over
astrophysical uncertainties. The bound from the galactic center derived in [42] is based on Fermi 4 year data in
the Pass 7 Ultraclean class, assuming some conservative choices of dark matter profiles. (A result from the HESS
collaboration [43], also observing the galactic center, sets a similar constraint in the range above 500 GeV.) We
rescale it by varying the overall constant factor in the dark matter profiles to illustrate its associated astrophysical
uncertainties. The procedure is as follows.
The flux of photons from dark matter annihilation is given by
dΦγ
d Eγ
=
〈σv 〉
8pim 2χ
dNγ
d Eγ
∫
ROI
d J
dΩ
dΩ, (1)
J =
∫
ROI
d sdΩρ(r )2, (2)
where 〈σv 〉 and mχ are the annihilation cross section and mass of dark matter. dNγd Eγ is the gamma-ray spec-
trum produced per annihilation. For the photon continuum, it depends on final-state radiation and the decays
of hadrons (in particular, pi0’s) arising from fragmentation of the final state (often calculated via PYTHIA [44])
while for the monochromatic photon search, it is Nγδ(Eγ−mχ ). The J factor is the integration over the region of
interest (ROI) and line of sight of the square of the dark matter density profile.
When setting the bounds using the data from our galactic center, we focus on two cuspy dark matter profiles
supported by N -body simulations, namely the NFW (Navarro-Frenk-White) profile [45, 46] and the Einasto pro-
file [47, 48]:
ρ(r ) =
ρs
(r /Rs ) (1+(r /Rs ))2
NFW, (3)
ρ(r ) = ρs exp
−2
α

r
Rs
α
−1

Einasto, (4)
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where the scale radius of the halo Rs = 20 kpc and for the Einasto profile, we use α = 0.17. The characteristic
density ρs is determined by the local dark matter density at the sun, ρ(r). The distance between the sun and the
galactic center is taken to be r = 8 kpc throughout this paper.2
Now we illustrate the uncertainties in calculating the J factor by varying ρ(r) and thus ρs in dark matter
profiles. A recent study of microlensing and dynamical observations of our galaxy mapped out 2σ boundaries of
ρ(r) for NFW and Einasto profiles [49]. For the NFW profile, ρ(r) = 0.29− 0.54 GeV/cm3 and for the Einasto
profile, ρ(r) = 0.25− 0.48 GeV/cm3 at the 2σ level fixing r = 8 kpc. We rescale the bounds in [42], which used
exclusively the lower (conservative) end of the 2σ range of Ref. [49], and plot the band of bounds in Fig. 1 by
varying ρ(r) in the 2σ ranges listed above. As the Einasto profile has a steeper inner slope than NFW, it leads to a
bigger J factor and thus a stronger bound for searches concentrating near the galactic center, all else being equal.
This is demonstrated in Fig. 1, in which the lighter shaded band of bounds from Einasto profiles is lower than the
darker shaded band of bounds from NFW profiles. In Fig. 1, we also plot the bound assuming an NFW profile with
ρ(r) = 0.4 GeV/cm3, which is a common value used in setting bounds, as a darker reference curve. In Sec. 2.3, we
will discuss dark matter profiles with softened cusps such as cored profiles.
We also present the production cross section as a function of neutralino dark matter mass in Fig. 1. In cal-
culating the wino annihilation cross section, we take into account the Sommerfeld enhancement and one-loop
corrections using the fitting functions in [50]. For the higgsino annihilation cross section, we use fitting functions
in [51], which only take into account Sommerfeld enhancement. For the plot, the splitting between the charged
and neutral winos is set to be 0.2 GeV and the higgsino mass splitting is 0.5 GeV. These are reasonable approxi-
mations to the expected splittings, which have little effect on these tree-level rates. We review the physics of these
mass splittings in Appendix A.
From Fig. 1, one could see that conservatively, the Fermi dwarf galaxy data rules out pure wino dark matter
up to around 385 GeV and pure higgsino dark matter up to around 160 GeV. The dwarf galaxy data also rules out
wino dark matter with mass around 2.4 TeV, where the first resonance enhancement peak lies. The galactic center
photon continuum data rules out wino dark matter up to around 700 GeV and higgsino dark matter up to 300 GeV
for either NFW or Einasto profiles.
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Figure 1: Constraints on the cross section of annihilation into WW (+ZZ ) final state and wino/higgsino annihilation cross
section as a function of neutralino mass. The black dot-dashed curve is the constraint from the continuum photon spectrum
of Milky Way satellite galaxies [41]; the dark blue curve is the constraint from the photon continuum in our galactic center
assuming an NFW profile with ρ(r) = 0.4 GeV/cm3 and r = 8 kpc [42]. The blue (lighter blue) bands are derived by varying
ρ(r) of NFW (Einasto) dark matter profiles as discussed in the text. The burgundy solid (cyan dashed) curve is the cross section
of wino (higgsino) annihilation into WW (+ZZ ) final states.
2A popular choice of r in setting the bounds is 8.5 kpc, which corresponds to larger ρs for fixed ρ(r) and thus stronger bounds.
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2.2 Photon line constraints
Both Fermi and HESS searches for line-like features in the photon spectrum are already sensitive to the cross
section of wino dark matter annihilating into two photons or a photon and a Z boson [52, 53]. The difference is
that currently the Fermi search is only sensitive to photons with energy below 300 GeV, while HESS is sensitive
to photons in a higher energy range above 500 GeV. In this subsection, we will derive bounds on neutralino dark
matter annihilation from photon line searches.
2.2.1 Neutralino annihilations into two photons
Analytic results of the full one-loop calculation of neutralino annihilation into two photons or photon+Z have
been derived in [54–57]. The Sommerfeld enhancement for pure wino or pure higgsino have been calculated in [50,
51]. The two calculations are different and there are some limitations of both calculations, which we will discuss
in Appendix B. To understand the behavior of the cross sections, we first inspect the limit when the neutralino is
heavy and the lightest superpartner (LSP) and its corresponding charged state are nearly degenerate in masses. We
will neglect Sommerfeld enhancement for the moment. In this limit, only one type of box diagram dominates, as
shown in Fig. 2. Other contributions to the rate are suppressed by 1/m 2χ . The analytic formula of the cross sections
in this limit are given by
〈σv 〉χ˜0χ˜0→γγ ≈ 4α
4pi
m 2W sin
4θW
≈ 1.6×10−27 cm3/s (χ˜0 = W˜ 0),
≈ α4pi
4m 2W sin
4θW
≈ 10−28 cm3/s (χ˜0 = H˜0), (5)
〈σv 〉χ˜0χ˜0→Zγ ≈ 8α
4picos2θW
m 2W sin
6θW
≈ 1.1×10−26 cm3/s (χ˜0 = W˜ 0),
≈ α
4pi

sin2θW −0.52
2m 2W sin
6θW cos2θW
≈ 8.0×10−29 cm3/s (χ˜0 = H˜0). (6)
We see that for heavy neutralino, without Sommerfeld enhancement, its annihilation cross section is approxi-
mately a constant, independent of its mass at the leading order. (Taking into account the small but finite mass
splitting leads to a gradual decline in this cross section at high masses.)
Figure 2: Dominant diagram in the wino or higgsino annihilation into photons at the one-loop level, in the limit when the
neutralino is heavy.
For pure winos, theZγ annihilation cross section is about one order of magnitude larger than γγ annihilation,
whereas for pure higgsinos they are comparable. The differences in wino and higgsino production cross sections
originate from their couplings toZ and γ. For a γγ final state, there is an additional Bose factor of 1/2 compared to
Zγ.
In Fig. 3, we plotted the total cross section of wino annihilation into photons weighted by the number of pho-
tons in the final state, 2〈σv 〉γγ+ 〈σv 〉Zγ, as a function of the wino mass. The cross section is a result of matching
between the one-loop analytic calculation, which is more reliable for light winos, and the calculation including
5
Sommerfeld enhancement, which kicks in around a TeV wino mass. The details of the calculations and matching
between different calculations can be found in Appendix B. We have not plotted the higgsino annihilation rate,
which is too small for current experiments to exclude.
Matched calculation
Fermi H1305.5597L
HESS H1301.1173L
100 300 500 10
3 3000
10
-28
10
-27
10
-26
10
-25
10
-24
10
-23
10
-22
m
W
 @GeVD
H2Σ
ΓΓ
+
Σ
Z
Γ
Lv
@cm
3
sD
Figure 3: Constraints on the cross section of wino annihilation into photon(s). The burgundy solid curve is the wino anni-
hilation cross section by matching one-loop calculation [54–57] and the Sommerfeld enhancement calculation [50]. Details
can be found in Appendix B. The purple curve is the constraint from the Fermi line search [52] assuming an NFW profile with
ρ(r) = 0.4 GeV/cm3 and r = 8 kpc. The purple (lighter purple) bands are derived by varying ρ(r) of NFW (Einasto) dark
matter profiles as discussed in the text. The green curve is the constraint from the HESS line search [53] assuming an NFW
profile with ρ(r) = 0.4 GeV/cm3 and r = 8 kpc. The green (lighter green) bands are derived by varying ρ(r) of NFW (Einasto)
dark matter profiles as discussed in the text. The vertical dashed orange line marks the wino with thermal relic abundance
Ωthermalh2 = 0.12.
2.2.2 Constraints from Fermi and HESS line searches
Both the Fermi and HESS collaborations have reported dark matter constraints from photon line searches in the
galactic center [52, 53]. The constraints rule out a cross section 〈σv 〉 ∼ 10−27 − 10−26 cm3/s depending on the
dark matter mass. The quantitative bounds are presented in Fig. 3. The Fermi line search defined four regions
of interest for annihilating dark matter, with each region optimized for a particular dark matter halo profile. The
HESS line search has one search region of interest contained within a 1◦ circle near the galactic center, and hence
is weakened more for less concentrated halo profiles. Both Fermi and HESS analyses assumed r = 8.5 kpc and
ρ(r) = 0.4 GeV/cm3.
To have a unified normalization of dark matter profiles and estimate the astrophysical uncertainties, we fol-
lowed the same strategy we used in setting the bounds from continuum photons in the galactic center as discussed
in Sec. 2.1. Again we only focused on cuspy profiles, i.e., NFW and Einasto profiles, in this section. In Fig. 3, we
rescale the bounds in [52, 53] and plot the bounds assuming the NFW profile with ρ(r) = 0.4 GeV/cm3 and r = 8
kpc as reference curves. We also plot the bands of bounds in Fig. 3 by varying ρ(r) in the 2σ range from [49]. No-
tice that for the Fermi line constraints, the NFW band and Einasto band have different shapes because the Fermi
line analysis used different search regions for NFW and Einasto profiles. In Sec. 2.3, we will discuss dark matter
6
profiles with softened cusps such as cored profiles.
In setting the bounds, we neglected the energy differences of photons in γγ and γZ final states for m χ˜0 ≥ 200
GeV, assuming the two final states contribute to a single line-like feature in the fit. The energy of the photon in the
γZ final state is larger than that of the photons in γγ by an amount
δm =
m 2Z
4m χ˜0
≈ 10 GeV

200GeV
m χ˜0
2
. (7)
Given the current energy resolutions of both experiments ∼> 10 GeV, this is a reasonable approximation for m χ˜0 ≥
200 GeV [53, 58]. For 100 GeV ≤m χ˜0 < 200 GeV, we consider only the contribution of the process ending in γZ to
the photon line flux because it is about 2.5−2.8 times that of the process leading to γγ.
From Fig. 3, we can see that if dark matter is purely wino, the constraint from line searches rules out winos in the
range (100−300)GeV and (500 GeV−3 TeV), with (700 GeV−1.4 TeV) less constrained or unconstrained depending
on the astrophysical parameters. Combined with constraints from continuum photons from galactic center,
pure wino dark matter in the whole range from 100 GeV to 3 TeV (with the possible exception of a range between
700 GeV and 1.4 TeV) is ruled out for both NFW and Einasto profiles, allowing astrophysical parameters to vary
in the 2σ range in [49].
Wino thermal relic
HESS line H1301.1173L
Fermi line H1305.5597L
Fermi dwarf 4 yrs
Hooper et. al. GCH1209.3015L
100 1000500200 2000300 3000150 1500700
0.01
0.02
0.05
0.10
0.20
0.50
1.00
m
W
 @GeVD
W
W
h
2
W
D
M
h
2
Figure 4: Constraints on the relic abundance of wino dark matter (i.e., a wino component in a scenario with multiple dark
matter particles). The burgundy dashed curve is the thermal relic abundance of winos calculated in [21, 22]. The other curves
are constraints from different indirect detection searches. Black dot-dashed: Fermi dwarf galaxy; purple line and bands: Fermi
line search assuming NFW profile with ρ(r) = 0.4 GeV/cm3 with r = 8 kpc (purple solid line), NFW profile with varying ρ(r)
(purple band), Einasto profile with varying ρ(r) (lighter purple band); green line and bands: HESS line search assuming NFW
profile withρ(r) = 0.4 GeV/cm3 with r = 8 kpc (green solid line), NFW profile with varyingρ(r) (green band), Einasto profile
with varyingρ(r) (lighter green band); blue line and bands: Fermi galactic center continuum search analyzed in [42] assuming
NFW profile with ρ(r) = 0.4 GeV/cm3 with r = 8 kpc (blue solid line), NFW profile with varying ρ(r) (blue band), Einasto
profile with varying ρ(r) (lighter blue band). The vertical dashed orange line marks the wino with thermal relic abundance
Ωthermalh2 = 0.12.
In Fig. 4, we present constraints from various indirect searches using photons on the relic abundance of a wino
dark matter component. In the plot, we also plotted the wino thermal relic abundance calculated in [21, 22]. From
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Fig. 4, the wino dark matter scenario with a thermal relic equal to the observed dark matter relic, which we took
to be Ωh2 = 0.12 [23], is ruled out for NFW or Einasto profiles. Below 1.5 TeV, the bound on the allowed relic
abundance of winos is above the thermal relic abundance, and thus a non-thermal contribution to the wino relic
abundance is still allowed but is bounded to be less than all of the dark matter.
2.3 Core vs cusp dark matter profiles
Numerical simulations of galaxy formation including only dark matter robustly find cuspy dark matter distribu-
tions like the NFW and Einasto profiles we have discussed so far. Of course, the inner region of the Milky Way
galaxy is not solely composed of dark matter; sufficiently near the center, the galaxy is dominated by baryons. The
effect of baryons on the shapes of dark matter halos is still uncertain. Even the sign of the effect is in dispute. Adi-
abatic contraction tends to make the dark matter profiles steeper in the galactic center, as argued on theoretical
grounds [59] and observed in simulations (e.g. [60]). If this is the dominant effect, it will tend to increase indirect
detection signals from the galactic center, and by ignoring it we are being conservative. However, baryons could
also lead to dark matter distributions without cusps, a possibility that has drawn a great deal of attention in the
context of dwarf satellite galaxies, which appear to have cored halos. Feedback from supernovae, for instance, has
been suggested as a possible culprit in the destruction of cusps. Recent high-quality numerical simulations pro-
ducing realistic spiral galaxies have found that cusps survive even repeated baryonic outflows [61]. Perhaps the
most dangerous effect for the interpretation of indirect detection limits is a resonant bar/halo interaction, which
may lead to formation of a core of kiloparsec size in the Milky Way [62]. Recent work has argued that the Eris simu-
lation shows evidence for a 1 kpc core in the Milky Way [63], in contrast to earlier work arguing that core formation
was an artifact of simulations with too large a timestep [64]. On the other hand, one of the simulated galaxies in
Ref. [61] has a prominent bar and does not have a core. In short, the N -body simulation community does not ap-
pear to have converged on an answer for the expected shape of the Milky Way’s inner halo. Observations also offer
little help; a recent fit claimed a mild preference for a large core [65], but was also compatible with an NFW-like
distribution. It is also worth keeping in mind that even if observations decisively favored a cored profile, this would
not necessarily be good news for proponents of wino dark matter. We would still face the question of whether cold
dark matter with baryonic feedback could produce such a core; if not, the core might well point to self-interacting
dark matter or other new dynamics incompatible with winos. Indeed, in the case of dwarf galaxies, the “core/cusp
problem” is often cited as a motivation for moving beyond the paradigm of cold, collisionless dark matter.
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Effect of Kiloparsec Core
Figure 5: Left: minimal radius of the inner constant density core which will remove the HESS limits as a function of wino mass.
The band is obtained by varyingρ(r) in the range 0.29−0.54 GeV/cm3. The solid red reference curve corresponds toρ(r) = 0.4
GeV/cm3. The vertical dashed orange line marks the wino with thermal relic abundance Ωthermalh2 = 0.12. Right: the bound
from Ref. [42] in the case of an NFW profile with 1 kpc constant density core (blue band), compared to the expected wino cross
section (burgundy curve).
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Ideally, given this state of uncertainty, we would specify a prior on the space of halo shapes and marginalize
over them to obtain a limit. Unfortunately, at this point, it is not clear that any uncontroversial prior can be chosen.
As a result, we will limit ourselves to assessing how a cored distribution might alter the bounds. To study how a
cored profile could affect the indirect search constraints, we consider an NFW-like profile with a flat, constant
density core of radius rc :
ρc (r ) =
(
ρs
(r /Rs )(1+(r /Rs ))2
r > rc
ρs
(rc /Rs )(1+(rc /Rs ))2
r ≤ rc
The cored profile leads to strong density suppression in regions of interest with radius smaller than rc and could
change the constraints dramatically. As an example, we examine the core radius needed to relax the HESS line
bound in the wino mass range 1.2− 3 TeV shown in Fig. 4. We choose Rs = 20 kpc, ρc (r) = 0.4 GeV/cm3 and
treat rc as a free parameter. In the left-hand side of Fig. 5, we plot the minimal rc at which the HESS limit allows
winos to constitute all of the dark matter, as a function of wino mass. As expected, the HESS constraint can dis-
appear only when the core radius is (much) larger than the HESS search region radius, which is around 0.1 kpc.
More specifically, to allow thermal wino dark matter, the core radius has to be bigger than 0.4 kpc for ρ(r) = 0.29
GeV/cm3 or 1 kpc for ρ(r) = 0.54 GeV/cm3. We also present bound from continuum photons from the galactic
center assuming a cored NFW profile with core radius rc = 1 kpc in the right panel of Fig. 5, as extracted from [42].
Compared to bounds with NFW and Einasto profiles, the bound is relaxed to (400−700)GeV forρ(r) = 0.29−0.54
GeV/cm3. Because it is uncertain whether the Milky Way has a cored profile, we leave the reader to decide between
the following two possibilities: pure wino dark matter is ruled out in most of the mass range (assuming NFW or
Einasto profiles from N -body simulations) or the Milky Way actually has a cored dark matter profile with a large
core radius. If the second statement is true, this will pose potentially another cusp/core problem in the Milky Way
in addition to the cusp/core problem in the dwarf galaxies.
The Fermi line search and the continuum photon analysis of Ref. [42] look over a wide swath of the sky, and
hence are still able to set strong (albeit weakened) limits in the case of a cored profile. The HESS bound at high
masses is the most easily evaded, because it is based on a very small region of the sky near the galactic center. In
part this is a consequence of using a Cherenkov telescope on the ground rather than a satellite like Fermi. How-
ever, given the importance for particle physics of understanding whether the thermal wino dark matter scenario
is viable, we suggest that it might be worthwhile for HESS to reduce the experimental uncertainties by defining a
secondary region of interest for photon line searches slightly away from the galactic center, which could constrain
less cuspy profiles. We leave a detailed consideration of the best feasible strategy for future work.
2.4 Complementary collider probe
As an aside, we would like to emphasize that collider searches for disappearing tracks provide a complementary
probe of wino dark matter [66] in addition to indirect searches. The current result from ATLAS using 4.7 fb−1 at 7
TeV only rules out winos with mass below 105 GeV [67]. Further results will provide crucial information to solidify
or weaken the constraints from indirect searches: null results of disappearing tracks could support the constraints
of indirect searches derived using cuspy profiles, while a signal in this channel at colliders may suggest that indirect
constraints should be alleviated by adopting a dark matter profile with a large core at the galactic center. On the
other hand, a collider signal could also arise if winos are unstable on lifetimes long relative to the size of a detector
but short on cosmological scales.
3 Implications for non-thermal cosmology history
In this section, we will mainly focus on the implications of indirect search bounds for the scenario in which the
relic abundance of winos is non-thermal and the winos are produced from decays of moduli fields. This is a rep-
resentative scenario where late-decaying particles have a considerable branching fraction into dark matter, which
annihilates sufficiently quickly to stay in chemical equilibrium until the decays stop. It is also well-motivated from
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a top-down viewpoint, as moduli appear ubiquitously in string constructions. In Appendix C, we will discuss an-
other possible type of non-thermal scenario where the late-decaying particles have a negligible branching fraction
into wino dark matter.
Non-thermal production of neutralinos from the decays of gravitinos is another interesting possibility which
we will leave for future work.
3.1 Basics of moduli decays
Moduli, scalar fields with Planck-suppressed couplings, are ubiquitous in string theory constructions, which have
no tunable parameters. Coupling constants, like the 1/g 2 factor in front of gauge field kinetic terms, always arise
as VEVs of holomorphic gauge kinetic functions that depend on the moduli. Moduli fields begin to oscillate coher-
ently around the minimum of their potential at Hubble scales of order their mass, leading to a matter-dominated
phase of the universe that ends when moduli decay, reheating the universe to a radiation-dominated phase with
temperature
TRH ≡

90
pi2g ∗(TRH)
1/4p
ΓφMPl, (8)
where MPl is the reduced Planck mass ≈ 2.4× 1018 GeV and Γφ is the width of the decaying modulus. If TRH is too
low, e.g., below 5 MeV, this is in conflict with BBN, leading to a severe cosmological problem [28, 68, 69]. One solu-
tion to this problem is that moduli fields have a large enough decay width Γφ that their decays automatically reheat
the universe to a high enough temperature for BBN to proceed normally, typically requiring mφ ∼> 10 TeV [70]. In
this case, the decays of the moduli can produce dark matter, a scenario that fits best with light wino dark matter,
given its large annihilation cross section [24–26, 71–73].
Note that the important physical parameter, which enters for instance in the Boltzmann equations, is Γφ . Be-
cause the moduli do not all decay instantaneously, the decay happens over a range of temperatures around TRH,
and conventions for characterizing this temperature differ; for example, Ref. [74] defines a “decay temperature”
which is smaller by a factor of 91/4. Our convention for defining TRH is in agreement with the original paper of
Moroi and Randall [24], and we will plot the bound on TRH in order to facilitate comparison with existing results.
Yet it is more meaningful to discuss constraints on unambiguous physical quantities such as the moduli width and
mass. The masses of moduli fields are typically quite closely connected to the SUSY breaking scale m3/2. This is
true even when the moduli are stabilized supersymmetrically, because tuning to cancel the cosmological constant
relates the size of various terms in the superpotential, indicating that mφ m3/2 is possible only with additional
fine-tuning [75]. As a result, we expect that bounds on the reheat temperature are quite closely linked to a deter-
mination of the overall scale of supersymmetry breaking, in the absence of additional fine-tuning. To relate our
bound on the reheat temperature to the moduli mass scale, we require an estimate for decay width. Moduli couple
through Planck-suppressed operators, so
Γφ =
c
4pi
m 3φ
M 2Pl
. (9)
Computing the coefficient c requires a detailed model, but we can offer some general comments. In the case of
a coupling of a modulus φ to an SU(N ) field strength,
∫
d 2θ λ
MPl
φWαW α+h.c., the modulus has a decay width to
gluons [24]
Γ(φ→ g g ) =
 
N 2−1 |λ|2
8pi
m 3φ
M 2Pl
. (10)
If φ is stabilized supersymmetrically, Fφ ∝ mφφ and the decay rate to gluinos is precisely equal to that to glu-
ons [25, 76]. There is no chirality suppression of moduli decaying to two gauginos. The value of λ will be order
one in some cases (e.g. cases where K ∝M 2Pl log(T+T †), the gauge kinetic function is∝ T , andφ is the canonically-
normalized fluctuation around the VEV of T ), while in other cases it can be as small as a loop factor (as is familiar
for saxion couplings).
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Decays of moduli through other operators are discussed in, for example, Refs. [24, 25, 72, 76–81]. Given a par-
ticular supergravity model, one could use their results to determine the constant c in Eq. 9. Remaining agnostic
about models, we will consider a range of values,
10−3 < c < 100, (11)
with the low end being “saxion-like” (in the sense of potentially arising from λ∼ αs /pi) and the high end resulting
from order-one coefficients and a large number of open decay channels. (For a particular model, Ref. [72] com-
putes the coefficient and finds c = 8pi and 16pi for two different moduli fields, more consistent with the upper end
of our range of c values.)
3.2 Constraints on the reheating temperature
The results of Sec. 2.1 have given a bound (or range of bounds, depending on astrophysical assumptions) onΩW˜h2
as a function of the wino mass. We would like to translate this into a bound on the moduli mass; up to a choice
of the factor c in the decay width, this is equivalent to a bound on the width Γφ . We compute ΩW˜h2 as a func-
tion of Γφ by solving the Boltzmann equations for the energy density in moduli particles (mφnφ), winos (mW˜n W˜ ),
and radiation (ρrad). We choose initial conditions at temperatures large compared to TRH, at which time the en-
ergy density is dominated by the mass of moduli fields, with a subdominant radiation component of temperature
T ∼ (HT 2RHMPl)1/4 from moduli that have already decayed [82, 83]. The relevant equations and their approximate
solution have been discussed in the literature, e.g. [24, 27, 74]. An approximate analytic formula is
Ωnon−thermal
W˜
h2 ≈ 3Γφ〈σeffv 〉s (TRH)
mW˜
3.6×10−9 GeV , (12)
where s (TRH) = 2pi2g ∗s (TRH)T 3RH/45 is the entropy density at temperature TRH. Notice that this is independent of the
number of winos produced per moduli decay.3 Roughly speaking, the wino relic abundance is enhanced relative
to the thermal case by a factor of Tfreezeout/TRH, but in detail this statement is oversimplified (for instance, due
to the differing values of g ∗(T ) at the freezeout and reheat temperatures). In solving the Boltzmann equations,
we include several effects that potentially make order-one differences in the result. Because g ∗(T ) and g ∗s (T )
vary rapidly near the QCD scale, we compute them from a table in the DarkSUSY code [84], and we do not omit
factors involving ∂ log g ∗(s )/∂ logT in the Boltzmann equation for ρrad. Furthermore, because the Sommerfeld
effect becomes important for heavy winos [21, 50, 74], we have computed the temperature-dependent value of
〈σeffv 〉 from a preliminary version 1.1 of the DarkSE code [85], kindly provided to us by Andrzej Hryczuk, taking
into account not only the Sommerfeld effect but also coannihilation among the different wino species. As an input
to this code, we use the two-loop splitting between the neutral and charged winos from Ref. [86]. For wino masses
of about a TeV and temperatures around a GeV, the Sommerfeld enhancement can be as large as a factor of 3 in
〈σeffv 〉. We show our computed contours of constant ΩW˜h2 in the plane of wino mass and reheating temperature
in Figure 6. To the extent that our numerical results differ slightly from the recent results of Ref. [74], we believe it
is mainly due to our more elaborate treatment of the functions g ∗(T ) and g ∗s (T ).
Having determined ΩW˜h2 as a function of TRH, we can then invert the relationship and express our bound on
ΩW˜h2 as a lower bound on the reheating temperature. We have plotted this bound in Figure 7.
3.3 Implications for the SUSY breaking scale and cosmology
We have now bounded the reheating temperature, and we would like to translate this to a statement about the
SUSY breaking scale. In any given model of moduli stabilization and decay, this could be translated directly into a
statement about the supersymmetry breaking scale. It is hard to do this in complete generality. However, the mini-
split SUSY scenario we consider is arguably most natural when there is a loop factor separating the gravitino mass
and the gaugino masses, as predicted for example by anomaly mediation [6, 7] but also by other constructions like
many IIB flux compactifications [8–11] or theG2-MSSM [12, 13]. In the case of anomaly mediation, the prediction
3This is always true as long as the number of winos produced per late-decaying particle decay is> 10−4, which is generically true for moduli
models as explained in the previous section.
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Figure 6: The wino relic density in a non-thermal cosmology with decaying moduli fields, as a function of the wino mass and
reheating temperature. The reheating temperature is chosen by convention to be related to the modulus decay width as in
Eq. 8.
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Figure 7: Lower bounds on modulus reheating temperature TRH as a function of wino mass. The blue, purple, green curves with
bands around them correspond to constraints from Fermi galactic center continuum, Fermi line search and HESS line search
respectively. TRH has to be above 5 MeV (the black solid line) for a successful BBN. The burgundy dot-dashed line is the curve
when Ωnon−thermalh2 = 0.12.
is M2 = β (g )/gm3/2 ≈ m3/2/360 [14]. We plot this as a dashed red line in Fig. 8, and also plot a band that is a
factor of two around this prediction, which could be thought of as representing a range of plausible outcomes in
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Figure 8: The bound on reheating temperature converted to a lower bound on the scale of moduli masses using Eq. 8 and 9.
Rather than using the reheating bound from Fig. 7, we have been somewhat more conservative by using the bound on 〈σv 〉WW
assuming a 1 kpc cored NFW profile from Fig. 5 (right hand plot). We also show a range of gravitino masses that might be
associated with a given wino temperature. The central dashed line is the AMSB prediction, and the band encompasses a factor
of 2 around this prediction in either direction.
other models where the detailed numerical coefficient is sensitive to moduli stabilization or other dynamics. What
is clearly visible in Fig. 8 is that the moduli mass scale preferred for achieving a sufficiently small wino relic
abundance is notably larger than the gravitino mass expected to lead to the chosen wino mass.
To restate this: scenarios in which gauginos are a loop factor below m3/2 and moduli lie near m3/2 are dis-
favored, whereas moduli an order of magnitude or more heavier than m3/2 are compatible with the data. The
modulus mass can only be significantly heavier than the gravitino mass if moduli are stabilized in a supersymmet-
ric manner. Furthermore, it would be a surprise if all moduli are stabilized supersymmetrically. For instance, if
a QCD axion originates from a modulus field, its scalar superpartner, the saxion, would be catastrophically light
unless it is stabilized in a nonsupersymmetric manner [81, 87, 88]. Hence, we might expect the saxion to overpro-
duce winos. This may not be an insurmountable problem: if the axion’s decay constant is relatively small, perhaps
the saxion stored a small fraction of the energy density compared to other moduli, and hence is a subdominant
effect compared to heavier, supersymmetrically stabilized moduli. Another possible problem is that moduli heavy
relative to m3/2 will decay to gravitinos, potentially creating a moduli-induced gravitino problem [25, 76, 77]. The
decay rate of gravitinos in the MSSM is [77]
Γ3/2 =
193
384pi
m 33/2
M 2Pl
, (13)
parametrically similar to moduli decay with c ≈ 2 but withmφ traded for the smallerm3/2. This can be problematic
for BBN; for instance, 100 TeV gravitinos decay when the temperature is about 7.8 MeV. The gravitino decays also
produce additional LSPs, which at these later times do not annihilate as efficiently. As a result, the data appears
to be forcing us into a special corner of model space in which moduli decays to gravitinos are suppressed [79, 81].
This problem, known for several years, is more severe now that data has told us that low-mass winos can constitute
at most a small fraction of the dark matter. The bound on the reheating temperature is such that we can’t appeal
to moduli lighter than 2m3/2 to escape the problem, at least unless gaugino masses are suppressed far below their
anomaly-mediated values relative to m3/2.
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4 Other possible neutralino dark matter scenarios
4.1 Pure bino dark matter
For pure bino dark matter, in (mini-)split SUSY or any other scenario without coannihilation, the thermal relic
abundance is always many orders of magnitude above the observed dark matter abundance. To lower it to the right
relic abundance, a huge late-time entropy dilution is required, for instance from a late-decaying particle that has a
tiny branching fraction into binos. Toy models to realize this have been demonstrated in [82,83], where the number
of dark matter particles produced per decay has to be tiny, e.g., ® 10−7. In this case, the dominant mechanism for
producing binos is not directly from decays but rather from particles in the SM plasma that annihilate into bino
pairs, and the final abundance can be proportional to 〈σv 〉, rather than inversely proportional to it as in standard
thermal scenarios. However, generically moduli that decay to SM fields have an order one branching fraction into
neutralinos, so this scenario does not appear likely in conventional models of moduli domination and decay.
4.2 Pure higgsino dark matter and mixed higgsino/bino dark matter
Higgsinos, like winos, occur in a multiplet with nearly degenerate states, but unlike winos the different higgsino
states are split by a dimension 5 operator and so the splitting will tend to be on the order of a GeV or larger (as
explained in more detail in Appendix A). Higgsino dark matter requires a small µ parameter. In mini-split SUSY,
the criterion of an approximately vanishing eigenvalue of the Higgs mass matrix leads to the relation
tanβ =
√√√√m 2Hd + µ2
m 2Hu +
µ2 . (14)
Because of this, we expect a close association between large values of µ and tanβ values near 1 (since there is no
particular reason to expect m 2Hd ≈m 2Hu ). Higgsino dark matter is associated with smaller values of µ, and hence
somewhat larger values of tanβ . Because the scale of scalar masses required for a 125 GeV Higgs is strongly tanβ-
dependent, this means that the upper end of the scalar masses considered in mini-split SUSY is unlikely to occur
with higgsino dark matter. As one can see from Fig. 2 in [19], for tanβ > 1, the SUSY scale has to be below about 103
TeV. For tanβ > 4, the scale has to be even lower, below 100 TeV. Thus, a discovery of higgsino dark matter could be
interesting to help narrow the range of plausible scalar masses to target in future experiments.
Because higgsinos have smaller annihilation cross sections than winos, they tend to be overproduced in non-
thermal scenarios with low reheating temperatures. Thus, they are less favored as dark matter candidates in sce-
narios with decaying moduli, although still viable with relatively high reheating temperatures. They could also
be a component of dark matter in the multi-component dark matter scenario [89–91]. On the other hand, mixed
bino/higgsino dark matter can provide a thermal dark matter candidate over a range of masses, provided M1 and
µ are tuned to be similar, a case known as the well-tempered neutralino [31].
Mixed higgsino/wino dark matter will tend to interpolate between pure higgsinos and the pure wino case we
have already discussed, with the wino component allowing higgsinos to be more easily identified in indirect detec-
tion. The case of mixed higgsino/bino dark matter deserves a longer discussion. Because binos produce no indi-
rect detection signal (at least in mini-split scenarios), adding a bino admixture to higgsinos reduces the prospects
for signals in gamma rays. However, the existence of a bino–higgsino–Higgs vertex allows mixed bino/higgsino
states to scatter with nuclei through Higgs exchange, leading to bounds from direct detection experiments. The
prospects for complementarity of indirect and direct detection have been noted recently in [94, 95]. Recent dis-
cussions of the bounds on mixed bino/higgsino dark matter have appeared in Refs. [92, 96]. The lesson is that
pure higgsinos are unconstrained, but even a relatively small bino mixture can run into conflicts with XENON100
bounds. However, the detailed bounds depend on the relative sign of µ and M1 as well as on tanβ , and certain
direct detection “blind spots” exist.
We have scanned the mixed bino/higgsino parameter space and computed the cross section for indirect de-
tection signals in gamma rays. We use MicrOMEGAs to compute the relic abundance [93, 97, 98].4 We plot various
4In MicrOMEGAs,“Omega = ” gives the value of Ωh2 [97].
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Figure 9: Complementarity of direct and indirect detection in the higgsino/bino plane. The direct detection bounds are ex-
tracted from Ref. [92]. The darkest purple region is the current XENON100 bound on spin-independent dark matter–nucleus
scattering. The two surrounding lighter purple regions are the projected LUX and XENON1T bounds, respectively. The dark
orange shaded region in the top left plot, and that in the bottom left plot, are IceCube bounds on the spin-dependent dark
matter–nucleus scattering rate (assuming annihilation to W +W −) while the lighter orange region in the top left plot is the
XENON1T spin-dependent projected reach. The red shaded regions are Einasto (lighter) and NFW (darker) exclusions from
Ref. [42]. Dot-dashed green curves show gamma-ray line rates and dashed red lines show gamma-ray continuum rates, com-
puted with MicrOMEGAs [93].
current and future constraints on mixed higgsino/bino dark matter in Fig. 9. The direct detection current and
prospective bounds (XENON and LUX spin-independent, XENON spin-dependent, and IceCube from solar cap-
ture followed by annihilation to W +W −) are all extracted from figures in Ref. [92]. We have superimposed the
Fermi-LAT gamma ray continuum limit from Ref. [42]. The gamma-ray continuum and line rates were computed
with MicrOMEGAs, which includes diagrams relevant for higgsino annihilation toZγ that are absent from the early
literature and treated for the first time in Ref. [57].
The figure displays an important complementarity between direct and indirect detection. As already noted,
direct detection bounds arise dominantly from Higgs exchange, which depends on the Higgs–bino–higgsino cou-
pling and hence on having µ ∼M1. The large bino mixture leads to a larger splitting between charged and neu-
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tral states and decreases indirect detection rates. In the pure higgsino limit, on the other hand, indirect detec-
tion both from continuum annihilation to W +W − and ZZ and from gamma-ray lines has much better reach.
In particular, either ruling out continuum gamma rays from 〈σv 〉WW+ZZ ≈ 10−26 cm3/s or gamma-ray lines with〈σv 〉γγ+Zγ/2 ≈ 4× 10−29 cm3/s would, together with bounds from XENON, essentially completely rule out (or dis-
cover!) mixed bino/higgsino dark matter. Given the reach quoted in a recent look at the prospects for future
gamma-ray observatories to detect lines [99], it appears that HESS-II, CTA, and GAMMA-400 will all fall signifi-
cantly short of the reach needed to exclude thermal pure higgsino dark matter, although they could still set in-
teresting constraints on lighter nonthermal higgsinos. There are brighter near-future prospects for progress from
continuum photons; CTA, for example, expects to probe this rate at a level of few times 10−26 cm3/s [100], which
would eliminate a very large fraction of the remaining mixed bino/higgsino parameter space. (For more on how
CTA will constrain neutralino parameter space, see the recent Ref. [95].) It appears that thermal higgsinos will
still elude the reach of near-future experiments, but they provide a very important benchmark to aim for in future
observations.
5 Discussion
5.1 Wino and Higgsino Benchmarks for Indirect Detection
The progress of indirect detection experiments is often measured by the bounds they can place on light WIMPs an-
nihilating to final states like bb¯ and τ+τ−. But some of the most natural candidates for WIMPs come from simple
SU(2)L multiplets, with winos and higgsinos serving as important examples [22, 101]. Such WIMPs have distinc-
tive features: coannihilation among different states in the multiplet and Sommerfeld-enhanced cross sections are
important for determining their relic abundance, and their loop-level annihilation rates leading to gamma ray
line signatures can be surprisingly large at high mass. These multiplets are important benchmarks for indirect
detection experiments to target, especially given their strong motivation from models of supersymmetry.
In fact, as we have argued in Section 2, the current generation of gamma ray observatories—especially Fermi-
LAT and HESS—are approaching a major milestone that has gone almost unheralded. It is already the case that
a combination of their data excludes wino dark matter over the entire range of interesting masses, assuming a
favorable halo profile. This is a strong assumption, as the Milky Way’s dark matter halo is relatively unconstrained,
but it brings the complete exclusion of wino dark matter tantalizingly within reach. Future observations will push
the limits down, ameliorating the effect of astrophysical uncertainties. Strategies like searching for gamma rays
from locations somewhat off the galactic center may also help to reduce the impact of uncertain halo profiles.
But it is also important to reduce the astrophysical uncertainties. The exclusion of thermal relic winos currently
hinges on the answer to an important question about the physics of galaxies: can baryonic feedback effects, such
as bar–halo interactions, produce a core of approximately kiloparsec size in a spiral galaxy like the Milky Way?
Such questions are intrinsically interesting, but take on even more importance when they are so strongly linked to
crucial questions in particle physics.
Even short of an answer, a better quantification of our uncertainty could be useful. For instance, a reasonable
prior distribution on a suitable space of halo shapes, which one could marginalize over when setting limits, could
allow us to make a clearer statement about the extent to which current bounds depend on uncertain astrophysics.
Such a prior would have to be chosen with care by experts in the possible range of baryonic feedback effects.
Given the astrophysical uncertainties, the story of pure wino dark matter is not yet complete. But it is a beauti-
ful example. It illustrates the power and reach of the current generation of cosmic ray experiments like Fermi-LAT
and HESS, which have now constrained a well-motivated theoretical dark matter candidate over essentially the
entire range of viable masses. The case of pure higgsino dark matter, with its associated smaller cross sections,
provides a further benchmark to target with future observations. This is a problem nicely located at the intersec-
tion of theoretical particle physics, experimental cosmic ray physics, and the dynamics of galaxy formation, and
refinements on all three fronts can help to extend and complete the story.
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5.2 The Case for a Low Reheating Temperature
As we have discussed in Section 3, the strong bounds on light wino dark matter below about 200 GeV—which is
ruled out by a large factor even when assuming a flattened NFW profile with a 1 kiloparsec core—can be interpreted
as very strong constraints on nonthermal cosmologies in which moduli decay at late times. Here we will briefly
make a case for why such a cosmology is well-motivated and important, before turning to a look at what scenarios
survive the bounds.
The observed Higgs boson mass of 125 GeV requires, in the MSSM, heavy stops (possibly with large A-terms),
which inevitably requires a high degree of fine-tuning. This is suggestive of a split spectrum, with scalar super-
partners heavy relative to the gauginos (except for a single Higgs doublet, tuned to be light) [17–20]. One of the
most well-motivated versions of this scenario has gauginos a loop factor below the gravitino mass m3/2 and scalar
masses at the scale m3/2. This is the prediction of anomaly mediation [6], unless there is a special “sequester-
ing” mechanism [7]. In supergravity models motivated by string compactifications, there are typically moduli-
mediated contributions to soft masses. In a wide variety of constructions, these lead to tree-level contributions to
gaugino masses that are parametrically smaller than m3/2 by factors like log
 
MPl/m3/2

[8–13]. In some of these
constructions, scalar masses are claimed to be of the same order, but this depends on model-dependent details of
how they couple to moduli, and in some cases the scalar masses are of order m3/2 [12, 13]. Some of the tree-level
factors in gaugino masses are loop factors in disguise. For instance, a simple model of a modulus T with a constant
superpotential plus a gaugino condensation term Ae−bT predicts [102]
mλ =
FT
T
=
2
bT
m3/2 =
g 2N
4pi2
m3/2, (15)
since bT is precisely the fractional instanton action 8pi2/(g 2N ). Quite generally, the factors like log(MPl/m3/2) and
other “tree-level” numerical suppression factors of gaugino masses in moduli mediation scenarios turn out to be
equivalent to loop factors once the moduli VEVs appearing in these expressions are related to gauge couplings.
Even if it were a robust prediction of supersymmetry breaking models that gauginos are a loop factor below
scalars in mass, it isn’t clear why this is necessarily linked to fine-tuning. We could have lived in a world that
was split and natural, with all the scalars at around 100 GeV to 1 TeV and gauginos a loop factor lighter. A world
with light gauginos is not obviously a world incompatible with our existence; it is only because of direct collider
constraints on light gauginos that we know that they don’t exist. One possible explanation, however, comes from
the moduli problem. Assuming that moduli fields with mass of order the scalar soft masses exist, the natural split
SUSY scenario would predict that moduli would dominate the universe until late times. Moduli masses at 100
GeV lead to reheating temperatures ranging from about 7 eV up to 2 keV (for widths corresponding to Eqs. 9,11).
In such a universe, BBN would be very different. The faster expansion rate of the universe would lead to weak
interactions freezing out at higher temperatures, and hence equal numbers of neutrons and protons at the time
that BBN begins. The temperatures at which nuclei form would also be reached at earlier times, so very few of the
neutrons would have decayed. As a result, we expect that baryons would have assembled themselves mostly into
helium nuclei. It is very plausible that life could not exist in such a universe, where stars as we know them would
not burn and the cooling processes that drive structure formation would be radically different. It is not completely
clear that this anthropic argument is strong enough to exclude larger reheating temperatures, around 0.1 MeV,
although even in this case we expect the hydrogen abundance would be significantly suppressed compared to our
universe.5
This leads to an appealing conclusion: although the Higgs mass and LHC data so far offer bleak prospects for
natural SUSY, it could be that a universe with truly natural SUSY is a universe that would be inhospitable to life.
Within the framework of moduli cosmology, it may be that we live in the most natural universe that allows us to
exist. Such a universe would have SUSY split by a loop factor, with gauginos at the weak scale, moduli near 30 TeV,
and a nonthermal cosmology that reheated the universe to just above the temperature of BBN. This scenario for
SUSY breaking and cosmology has been advocated in Refs. [13, 25, 26], although to the best of our knowledge the
anthropic constraint from avoiding an all-helium universe has not previously been discussed, and so existing lit-
erature has left open the question of why we have not found ourselves in a natural split SUSY universe. We find the
5We thank Josh Ruderman for discussions that helped to clarify this idea.
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resulting “minimally tuned anthropic universe” plausible and interesting. More detailed work on the cosmological
history and anthropic constraints are needed to assess how sharp the argument can be, but it seems to robustly
exclude the possibility of a fully natural split SUSY spectrum.
5.3 SUSY Scenarios in Light of the Bounds
The bounds on light wino dark matter that we have discussed pose a problem for the scenario in which the wino
relic abundance is set by moduli decays. In fact, even before applying the bounds, the reheating temperature that
corresponds to a wino relic abundance of Ωh2 = 0.12 is already above 200 MeV, as shown in Fig. 6, which is far
enough above the temperature of BBN to undermine any anthropic argument. The heavy mass of the moduli
needed for this reheating temperature was also emphasized recently in Ref. [81]. Furthermore, as discussed in
Section 3, indirect detection data requires an even smaller value ofΩh2, demanding very heavy moduli. Such heavy
moduli are typically associated with a severe moduli-induced gravitino problem. This puts the moduli-dominated
cosmology of Refs. [13, 24–26] in a precarious position.
However, we would like to suggest a way to salvage the picture of a low reheating temperature and a mini-
mally tuned anthropic universe. It is possible that the moduli have masses at around m3/2, light enough to avoid
creating a gravitino problem, and that they reheat the universe to temperatures of only a few MeV. The troubling
overabundance of winos can be eliminated by the simple expedient of turning on R-parity violation, so that the
winos decay. The lifetime of winos could still be long on collider scales, and thus disappearing track searches could
still be important for this case.
This scenario would still have a dark matter candidate motivated strongly by top-down considerations: the
axion. String constructions often have axions with string-scale decay constants [103]. In conventional (radiation-
dominated) cosmologies, such axions overclose the universe. However, in scenarios with a low reheating temper-
ature just above the bound from BBN, axions with decay constants up to about 1015 GeV are viable [87, 104]. In
this scenario, detection of axion dark matter might be achieved through measurements of the rapidly oscillating
neutron EDM it induces [105–107]. Another signature of the nonthermal history could arise through effects on
inflationary observables like the spectral index [108].
These are not the only options. One could consider scenarios in which moduli are simply decoupled, although
we expect this comes with a large tuning cost. Or one could consider low-scale SUSY breaking with low-scale
inflation to dilute the abundance of light moduli [69]. The required dilution is especially large due to X-ray bounds
on decaying moduli [109], and we have found that building a full model consistent with the bounds is difficult, and
may lead to strong restrictions on the SUSY-breaking scale [75].
It is an exciting time for the study of supersymmetry. The LHC’s discovery that the Higgs mass is 125 GeV
heightened the tension between the beautiful idea of SUSY naturalness and the harsh reality of data. The lack of
any signature of superpartners at the LHC so far has only made the problem starker. Now, as we have seen, gamma
rays from the center of the galaxy have also sharply constrained some of the most compelling remaining models
of supersymmetry. Pure higgsino dark matter provides a concrete target for future gamma ray observations. An
R-parity violating decay of a wino LSP provides a challenging target for collider experiments. Both terrestrial ex-
periment and astronomical observation will be necessary in the rapidly progressing quest to corner weak-scale
supersymmetry.
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A Mass differences between charginos and neutralinos
In this appendix, we review the mass differences between charginos and neutralinos for higgsino and wino mul-
tiplets. In the pure wino limit, M2  µ,M1, the tree-level mass difference between charged and neutral winos
is:
δm W˜ ≈ M
4
Z
M1µ2
s 2W c
2
W sin
2 2β ≈ 5×10−6 GeV (1 TeV)3
M1µ2
100
tan2β
, (16)
which is suppressed by three powers of the larger mass scale and is tiny. This could be easily understood from
an effective operator analysis (see e.g. [110]). When one integrates out higgsinos, dimension five operators are
generated
∼ g 1g 2
µ tanβ
(H †σiH )W˜ i B˜ , (17)
where σi are SU(2)L generators. It generates a mass mixing between wino and bino. Integrating out the bino, one
finds a dimension seven operator leading to the tree-level splitting in Eq. 16. Notice that another dimension five
operator that is generated,H †HW˜ 2, shifts all of the winos by a common mass instead of generating a mass splitting.
At one-loop level, custodial SU(2) symmetry breaking induces a mass splitting of order 0.16 GeV (calculated at two
loops in [86]), which is much larger than the tree-level splitting. We assume this loop-induced splitting throughout
the paper.
In the pure higgsino limit, µM1,M2, unlike the wino case, the tree-level mass splitting is only suppressed by
one power of the larger mass scale M1 or M2,
δm H˜ ≈ m
2
Z
2M1
c 2W
 
1− sin 2β+ m 2Z
2M2
s 2W
 
1+ sin 2β
≈ 0.5 GeV 4.5 TeV
M s
, (18)
where in the second step, we assume for concreteness that tanβ  1 and M2 = 2M1 =M s . Again, this could be
understood easily from an effective operator analysis. Integrating out a heavy bino or wino, one gets dimension
five operators such as
H †u H˜uH
†
d H˜d , (19)
which will lead to a charged/neutral mass splitting after electroweak symmetry breaking.
B Review of wino annihilation rates to gamma-ray lines
The literature contains several different calculations of wino annihilation to γγ and Zγ [50, 51, 54–57]. In this
appendix, we review some of the salient features of these annihilation rates, and discuss how we collate the var-
ious results into a single function to set limits. The first calculation was the one-loop calculation including all
diagrams [54, 56]. We assume a pure wino, which eliminates most of the diagrams and leaves the part of the am-
plitude labeled A˜W in Ref. [54] as the sole contribution to W˜ 0W˜ 0 → γγ. Inspection of their result shows that it
contains pieces with three different denominators:
1
m 2χ+ +m
2
χ0
−m 2W ,
1
m 2χ+ −m 2W , and
1
m 2χ+ −m 2χ0 −m 2W
. (20)
Following Bergström and Ullio we define:
a ≡m 2χ0/m 2χ+ , and b ≡m 2W /m 2χ0 . (21)
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Figure 10: Other diagrams (aside from the one shown in Fig. 2, which dominates for heavy winos) contributing to wino annihi-
lation to photons.
For heavy winos, b is a small parameter, while 1−a is always a small parameter because the charged and neutral
winos are split dominantly by loops [86, 111, 112], with δm ≈ 164 MeV for heavy winos. For heavy winos, then,
the dominant contribution to the annihilation comes from the third denominator in Eq. 20, which goes as 1/m 2W
while the other terms are suppressed by a factor of b . The third denominator corresponds to the diagram in Fig 2,
while the other terms are related to other diagrams like those in Fig 10. Note that despite the behavior of the
denominators, the amplitudes do not blow up when m 2χ+ =m
2
χ0
+m 2W ; this is a spurious pole that is canceled due
to the identity I1(x , 1) + 2I2(x , 1− x ) = 0 (where I1,2(x ,y ) are defined in Ref. [54]). In fact, the 1/m 2W piece of the
amplitude is proportional to:
I1(a , 1)+2I2(a ,b )≈ 2pi
p
1−a −pb , (22)
guaranteeing the necessary cancelation. Putting all the factors together, the leading 1− a and b dependence for
heavy winos gives:
σv (W˜ 0W˜ 0→ γγ)≈ 4piα4
m 2W sin
2θW
 
1+
r
2δmmW˜
m 2W
!−2
. (23)
Without the factor in parentheses, the annihilation rate would asymptote to a constant ≈ 1.6× 10−27 cm3/s, but
because the mass splittingδm is approximately constant for heavy winos, the cross section gradually declines with
mass.
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Figure 11: One-loop annihilation rates for σv (W˜ 0W˜ 0 → γγ,Zγ). We have used the complete one-loop calculations from
Refs. [54, 55] and the two-loop charged/neutral wino splitting from Ref. [86]. The dashed lines show the results we would
get if we keep only the part of the amplitude proportional to

m 2
χ+
−m 2
χ0
−m 2W
−1 ≈ 1/m 2W .
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At large masses, the Sommerfeld effect becomes important, because the weak interactions can be viewed as a
long range force for sufficiently heavy winos and can create light bound states when αmW˜ ∼>mW . Calculations re-
lying on the Sommerfeld effect [50, 51] typically omit the diagrams that do not have 1/m 2W denominators, because
such diagrams contribute only to short-range interaction. To assess the mass scale at which this becomes a valid
approximation, in Figure 11 we show both the complete one-loop annihilation rate and the annihilation rate com-
puted when keeping only the third denominator of Eq. 20. This makes it clear that at low masses, the diagrams
in Fig. 10 are absolutely crucial to computing the correct rate; keeping only the 1/m 2W piece can underestimate
the annihilation rate by a factor of about 5 for winos below 150 GeV. Calculations based on the Sommerfeld effect
typically drop these terms, so we have to somehow “match” the full one-loop result at small wino masses to the
Sommerfeld result at large wino masses.
The simplest approach would be to plot the one-loop result with no Sommerfeld enhancement from Ref. [54]
and the Sommerfeld-enhanced result of Ref. [50] on the same plot and sew the result together where the two
curves cross. We have chosen a slightly more subtle matching. The Sommerfeld-enhanced result of Ref. [50] also
includes subleading one-loop contributions, for instance in the amplitudes for W˜ +W˜ − → (Z ,γ) + γ. These loop
effects provide a sizable negative shift in the amplitude already at the scale where the two curves cross, suggesting
that the one-loop result of Ref. [54] would likely be shifted to substantially smaller values if it were extended to
two loops. As a result, we modify the one-loop result by reweighting the part of the amplitude proportional to
m 2χ+ −m 2χ0 −m 2W
−1
, which is essentially the part that can be interpreted in terms of chargino annihilation, by
the correction factor plotted in Fig. 11 of [50] for charged wino annihilation. This gives a downward shift in the one-
loop result at intermediate masses and leads to matching onto the Sommerfeld-enhanced result at slightly lower
mass than we otherwise would. The final result is the solid red curve plotted in Fig. 3. This matching procedure is
admittedly somewhat ad hoc, but by including a negative correction (when the full two-loop result at low mass is
unknown) we expect it to make our result more conservative. It would be an interesting exercise in effective field
theory to develop a more sophisticated matching of the standard fixed-order calculations and the Sommerfeld-
enhanced result to interpolate between the different regimes.
C Non-thermal cosmology with insufficient production of dark matter
In this appendix, we discuss another possible non-thermal scenario for wino dark matter where the non-thermal
production from a late-decaying particle ξ is not compensated by wino annihilation as opposed to the moduli
scenario. The relic abundance of wino dark matter is then estimated to be [24]
Ωnon−thermal
W˜
h2 ≈ 3bΓ
2
ξM
2
pl
mξs (TRH )
mW˜
3.6×10−9 GeV ≈ 2×10
3η
g ∗(TRH )
g ∗,s (TRH )
mW˜
100 GeV
TRH
10 MeV
, (24)
where η = b (100 TeV/mξ) with b the number of wino per ξ decay. Unlike Eq. 12, the relic abundance in this case
scales linearly with reheating temperature and number of wino produced per decay. In this case, unless η < 10−4
and the reheating temperature is close to the BBN bound 5 MeV, wino will still overclose the Universe.
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